Abstract. Core-shell indium gallium nitride (InGaN)/gallium nitride (GaN) structures are attractive as light emitters due to the large nonpolar surface of rod-like cores with their longitudinal axis aligned along the c-direction. These facets do not suffer from the quantum-confined Stark effect that limits the thickness of quantum wells and efficiency in conventional light-emitting devices. Understanding InGaN growth on these submicron three-dimensional structures is important to optimize optoelectronic device performance. In this work, the influence of reactor parameters was determined and compared. GaN nanorods (NRs) with both f11-20g a-plane and f10-10g m-plane nonpolar facets were prepared to investigate the impact of metalorganic vapor phase epitaxy reactor parameters on the characteristics of a thick (38 to 85 nm) overgrown InGaN shell. The morphology and optical emission properties of the InGaN layers were investigated by scanning electron microscopy, transmission electron microscopy, and cathodoluminescence hyperspectral imaging. The study reveals that reactor pressure has an important impact on the InN mole fraction on the f10-10g m-plane facets, even at a reduced growth rate. The sample grown at 750°C and 100 mbar had an InN mole fraction of 25% on the f10-10g facets of the NRs. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction of this work in whole or in part requires full attribution of the original publication, including its DOI.
Investigation of indium gallium nitride facet-dependent nonpolar growth rates and composition for core-shell light-emitting diodes 
Introduction
Most commercial blue light-emitting diodes (LEDs) use indium gallium nitride (InGaN)/gallium nitride (GaN) quantum wells (QWs) in the active region, grown in the [0001] direction, i.e., parallel to the c-plane. These have inherent limitations due to built-in electric fields along the [0001] direction, which lead to reduced electron-hole overlap in the active QWs as a result of the quantum-confined Stark effect 1 (QCSE). Avoiding the QCSE in polar materials normally requires the QWs to be grown perpendicular to the polar axis on either the nonpolar f11-20g and f10-10g planes in wurtzite materials. Another option in the III-nitrides is to grow InGaN QWs on semipolar crystallographic planes, in particular, planes oriented at or close to an angle of ∼45 deg to the polar axis. 1 However, growth of III-nitrides on such nonpolar and semipolar planes is less mature than for the (0001) plane, with f10-10g growth typically requiring bulk substrates to avoid high levels of stacking fault defects.
In this respect, core-shell [3] [4] [5] InGaN/GaN nanorods (NRs) are of considerable interest due to their large surface area of nonpolar planes or facets with lower number of defects, 6 the potential for high surface to volume ratio, 7 and QWs grown on their nonpolar sidewalls not being subject to the detrimental QCSE. These reasons provide a strong motivation for investigating their growth by the commercially preferred metalorganic vapor phase epitaxy (MOVPE) method. Such NRs can be grown using either a bottom-up approach using selective area epitaxy [8] [9] [10] [11] [12] [13] [14] or a top-down approach 15, 16 in which NRs with controlled aspect ratio are etched from a planar film before the regrowth of GaN/InGaN shell layers over the NRs. 4, 16, 17 Irrespective of their method of formation, there is substantial evidence that GaN NRs are strain-free once their height exceeds their diameter. 17, 18 Therefore, the only strain in the core-shell structures described here will be due to lattice mismatch between InGaN and relaxed GaN. A particular advantage of the top-down approach lies in its potential to be highly uniform on a wafer scale. 15, 18, 19 In contrast to planar layer growth, uniform InGaN growth on NRs is difficult because the three-dimensional (3-D) growth mode leads to facet-dependent growth rates and indium nitride (InN) incorporation, leading to emission at multiple peak wavelengths. 4, 5, 17, 20 Further, InGaN growth on pre-etched GaN NRs can be nonuniform for closely packed arrays, 12, 21 indicating a likely dependence of indium mole fraction incorporation on NR height and spacing.
In this paper, we report the growth of InGaN layers on etched NR arrays after the crystallographic facets has been recovered by an initial GaN growth step. The emission properties of ensuing InGaN layers grown under different conditions are compared, in order to understand which parameters significantly influence the InGaN growth on the different facets available on the GaN NRs. This information is critical for optimizing the manufacture of core-shell QW structures for solid state lighting. 22 
Experiments

Fabrication of Template for Metalorganic Vapor Phase Epitaxy Regrowth
NR arrays were created with a top-down approach 15 from a planar GaN/AlN/Si(111) wafer. A pattern of nickel dots, obtained by nanoimprint lithography and a liftoff process, 23 was used to make a hard mask for a highly anisotropic Cl 2 ∕Ar plasma etch to form the array of GaN NR cores. The pattern consisted of a hexagonal array of Ni dots and, after the top-down plasma etch process, NRs of ∼700 nm diameter and a pitch of 2 μm resulted, etched completely through the GaN, the AlN buffer layer, and 200 nm into the Si(111) substrate. Figure 1 (a) shows a schematic of the GaN NRs fabricated by this process. The starting undoped GaN film was 1.5-μm thick with an additional 0.5-μm buffer layer of AlN used to manage the lattice strain to the GaN. Etching the NRs down into the Si substrate has the advantage that the etched Si surface can be converted to form a SiN x selective growth mask, as seen in Fig. 1(a) , by an in-situ nitridation step prior to the GaN facet recovery step. This leads to GaN regrowth only on the etched GaN cores with negligible if any growth on the exposed AlN and Si surfaces, as shown in scanning electron microscope (SEM) images in Figs. 1(b) and 1(c). 24 
Metalorganic Vapor Phase Epitaxy Regrowth
After the nitridation step, performed at 1050°C for 10 min and a short GaN nucleation step, a GaN facet recovery step was performed in the MOVPE reactor at 1060°C and 50 mbar for 5 min in order to obtain NRs with a regular, faceted shape, notably flat nonpolar facets. These growth conditions were chosen to retain as many crystal planes as possible, in particular, the f11-20g plane, as shown in Fig. 1(b) . In this work, for the subsequent InGaN layer growth, the reactor parameters rather than the NR spacing 17 determine the relative facet growth rates and the InN fraction incorporation on the respective facets. The TMIn and TMGa flows were kept constant across all the InGaN growths at 200 and 9 sccm, respectively. Three different InGaN growth conditions were considered with the following parameters: 750°C at 300 mbar, 700°C at 300 mbar, and 750°C at 100 mbar, on the same faceted GaN scaffold [ Fig. 1(b) ], while all other parameters were unchanged. A growth time of 30 min was used in order to determine reliable growth rates from measurements of the thickness of the nonpolar InGaN via SEM images, especially for structures grown at temperatures (700 to 800°C) that encourage InGaN desorption; 25 i.e., when the InN incorporation rate is low.
Characterization of Indium Gallium Nitride Layers
The morphology of the InGaN layers was examined by taking planar secondary-electron microscope images of arrays of over 80 NRs for each image, and an example can be seen in Fig. 2 (a). 24 Image processing software was used to attain statistically meaningful conclusions about the amount of growth after each of the growth steps. The SEM magnification and the image processing algorithm were kept unchanged, and only complete NRs were considered. The standard deviation of the NR equivalent diameters was 6 nm on the etched GaN, 12 nm on regrown GaN, and between 13 and 17 nm for the different InGaN growth conditions. The effect of the different growth conditions on diameter distributions is shown in Fig. 2 (b). One sample (700°C, 300 mbar) was analyzed by transmission electron microscopy (TEM) to examine the InGaN growth in more detail. 24 The optical properties were assessed by cathodoluminescence (CL) hyperspectral imaging to determine emission characteristics, notably uniformity on the nonpolar facets of interest and to estimate InN mole fraction. 26 The GaN NRs retained a small c-plane [ Fig. 1(b) ] after the short GaN facet recovery growth. With sufficient growth time, the NR tips would form into a self-limiting pyramid shape, [27] [28] [29] with the slower growing and more stable semipolar f1-101g facets causing extinction of the faster growing planes 30 at convex surfaces. Similarly, extinction of the faster growing a-planes will occur on the vertical sidewalls of the NRs, leaving structures of hexagonal cross-section, terminated by m-planes. Since InGaN growth on the a-planes formed part of this study, the duration of the GaN facet recovery growth was kept short, with the consequence the NRs had a residual [0001] plane. Figures 3(a)-3(c) show secondary electron SEM images of the results of the three InGaN growth runs in which various crystal orientations are retained and can be identified:
[0001], , [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , and . In contrast to GaN regrowth, poor selectivity was observed during InGaN deposition, as InGaN growth can be seen on the SiN x surface in Figs. 3(a)-3(c) . On the NRs, increased surface roughness of the c-plane is observed, indicating a layer of unstrained indium rich growth. 31, 32 On the macroscale, the different crystal planes are known to have different relative growth rates 30 determined by growth parameters 33, 34 and potentially result in different InN mole fractions on the crystal planes, as shown by previous work. 4, 17, 29 However, it is unclear if the growth dynamics on rod-shaped nanostructures will be the same. For example, the dimensions of the facets could be less than the surface diffusion length of Ga or In, and pseudomorphic strain at the interfaces between planes may be lower. Both factors could influence the InN fraction. On the NRs used in this work, the f11-20g and f10-10g facets originating from the template are retained after the InGaN growth.
The SEM images in Fig. 3 show that changes in growth parameters and the long growth time had a clear impact on the morphology of the crystal facets, in particular, the relative growth rates of the facets, 34 which in turn are related to the surface energies of the various planes. 35, 36 The growth rates shown in Table 1 were obtained from the increase in equivalent diameter, as determined from the image analysis software.
Figures 3(a)-3(c) show that temperature and pressure have the dominant impact on the a-and the m-planes, as far as determining the relative size and their surface roughness. Use of a high temperature has reduced the proportion of a-to m-plane observable compared with the facetted GaN core because the temperature increases the relative growth rate of the f11-20g facet, and thus, this sample has only a small residual f11-20g surface. Furthermore, there is a tendency for indium atoms to stick at the apices between planes, which create more irregular surfaces where the adatoms can be captured, leading to nonuniform-wavelength light emission. 17 At 700°C and 300 mbar, the relative growth rates of the nonpolar planes are closer in value, causing a different m-to a-plane growth rate ratio. Also the indium desorption and diffusion length are both lower than at 750°C, making the incorporation of more indium atoms possible. As the indium atom diffusion length becomes comparable to the distance between binding sites on the sidewalls, there is a visible roughening of the sidewalls. In Ref. 37 , it is indicated that a statistical roughening of the surfaces can be expected on the (0001) and (000-1) surfaces if the diffusion length becomes shorter than the mean distance between binding sites. Surface roughening encourages local fluctuations in the InN mole fraction on the nonpolar planes. Reduction of the growth pressure to 100 mbar, while keeping the temperature at 750°C, had the effect of reducing the InGaN growth rates of both the m-and a-planes, to an average rate of ∼1.3 nm∕ min, as the increase in the size of the overall NR is smaller. The presence of residual f11-20g a-planes on this sample indicates that the relative growth rates of the m-to a-plane differ from the other sample grown at 750°C. Note the reduction in growth pressure tends to increase indium surface diffusion, 38 because low pressure reduces the indium atom collision probability. In support of this, the roughness has diminished on the f10-10g m-plane in Fig. 3 (c) compared to Fig. 3(b) , while the f11-20g a-plane is still very rough even at low growth rate. The size of the a-plane is determined by the initial GaN template, where high temperature and low pressure reduce the relative growth rate difference between the a-and m-planes. With the range of growth parameters available, the a-plane grows as fast as or faster than the m-plane, suggesting that finding a growth recipe to create a substantial a-plane surface area would be difficult to achieve for a core-shell device. Table 1 lists the combined average growth rates of the nonpolar planes obtained from the image analysis method for the three samples used in this work. The growth rates were determined from SEM images and from a TEM image of the radial cross-section (i.e., plan view) of a single NR. The estimates of growth rates from SEM measurements were determined by statistical analysis of a set of NRs, on equipment calibrated differently than the TEM, which accounts for the discrepancy in diameter of the same sample. Image processing for the TEM data was done in a similar manner to the SEM data. The growth rate was determined to be 2.3 nm∕ min on the m-plane, and 3.1 nm∕ min on the a-plane, making the ratio of m-plane to a-plane growth rates 0.74, for 700°C and 300 mbar.
In examining the TEM lamella in Fig. 3(d) , it is worth mentioning that the GaN facets grow seamlessly at the etched interfaces, because there is no difference in contrast between the core and regrown facets. However, the InGaN shell is immediately distinguishable. Furthermore, the different contrast at the m-plane interfaces indicates a possible change in InN mole fraction after an initial layer thickness (∼20 nm) is achieved, a behavior probably related to a change in strain or in growth mode. 34 CL hyperspectral imaging 26 was used to determine the photon emission characteristics of the thick InGaN layers formed on the different facets of the NRs and to estimate, assuming the InGaN layer is thick enough to be relaxed, the InN mole fraction, using the emission energy as a function of composition. 39, 40 The estimated InGaN layer widths were sufficiently large that the quantum confinement effect is negligible, so that the photon emission energy provides a good estimate of the bandgap, hence composition. Hyperspectral CL measures a full spectrum from each point on the surface scanned by the electron beam. In this work, CL spectra were collected at room temperature for a beam energy of 5 keV and step size of 25 nm, to create 200 × 200 pixel maps. Figures 4(a)-4(c) show real-color images that have been determined from the chromaticity coordinates of the collected spectra and thereby illustrate the impact of the growth conditions on the obtained InGaN layer.
The CL maps in Figs. 4(a)-4(c) show for each sample the various facet classes have a different real color, caused by different InGaN composition and facet-dependent InN fraction incorporation rates. Corresponding spectra extracted from the same hyperspectral datasets are shown in Fig. 4(d) for the crystal planes considered. The spectra were taken from representative areas averaging 4 × 4 pixels from each facet. For all samples, the residual (0001) plane emits in the range of 2.05 to 2.28 eV, with different relative intensities from sample to sample.
On the sample grown at 750°C and 300 mbar [ Fig. 4(a) ], the f10-10g m-plane displays emission mainly at 2.83 eV. Compared to the other samples, the residual f11-20g a-plane is much smaller due to its faster growth rate relative to f10-10g m-planes and has an emission centered on 2.65 eV, with a high energy shoulder at 2.83 eV due to simultaneous emission from the nearby m-planes. The f1-101g semipolar facets exhibit two emission peaks, changing emission color from the middle of the facet toward its edges. The facet center emits at 2.49 eV, whereas the most intense emission originates from the apices, at 2.33 eV. The latter is caused by either a reduction in strain at the apices, or by increased indium atom incorporation in the localized regions, or both. For the 700°C InGaN growth, no emission was identified on the rough a-plane, possibly due to surface states introduced by roughening, acting as paths for nonradiative recombination 41 at high indium concentrations. 42 There were areas with emission peaks from the f10-10g facets at 2.35 eV, 2.62 eV, and a weak emission at 2.95 eV. This is probably caused by a varying indium fraction incorporation on the more irregular surfaces of this sample, while the 2.95 eV may originate from the first-grown region of the InGaN layer observable in the TEM image [see Fig. 3(d) ]. The dominant emission for this sample originates on the f1-101g semipolar facets and is centered at 2.20 eV. Overall, the decrease in temperature resulted in red-shifted emission from all the facets due to higher indium incorporation on all surfaces as a consequence of reduced desorption rate. Figure 4 (c), for the growth at 750°C and 100 mbar, shows a broad emission around 2.29 eV, which originates on the f10-10g facets, with additional peaks at 2.43 and 2.95 eV, the latter related to a strained layer as well. The f11-20g planes have a distinct emission at 2.75 eV. The f1-101g semipolar planes emit at 2.97 eV with a low intensity peak, and this emission intensity is relatively quenched by 1 order of magnitude with respect to the other crystal facets. There is a corresponding increase in the emission from the defect-related "yellow band." The incorporation of a larger number of point defects at this pressure could explain why the main band emission peak is quenched.
The relative CL emission peak intensities can give some general indications of the variations in crystal layer quality on the different facets with the growth parameters. For both a-and mnonpolar planes, higher CL intensities were obtained at higher temperature and lower pressure. By contrast, the emission intensity for the semipolar f1-101g plane favors lower temperature and higher pressure, also leading to high InN fractions being incorporated. However, such conditions limit emission from the m-plane [ Fig. 4(b) ].
Discussion
The results confirm that the InGaN growth rates and InN mole fraction are strongly dependent on the crystal plane orientation and the growth parameters. The growth parameters can be used to alter the relative growth rates between the m-and a-plane, leading to different extents of the f11-20g facet, when starting from identical faceted GaN NRs. Roughness on the crystal facets, caused by either unstrained InGaN growth resulting from a 3-D growth mode or rapid InN incorporation related to the short diffusion length of In, causes local variations of the indium mole fraction and a likely widening of the CL emission spectra.
The decrease of the growth temperature from 750°C to 700°C led to an increase of the InN mole fraction, estimated by CL to be from 13% to 24% on the f10-10g plane, and from 20-25% to 25-30% on the f1-101g plane. The difference in contrast along the direction observed in TEM for the 700°C sample [see Fig. 3(d) ], from a dark InGaN layer to a brighter one, indicates a possible increase of the InN mole fraction 43 after the growth of an initial pseudomorphic InGaN layer.
As can be seen in Table 2 , at 300 mbar, the average InN mole fraction was found to be higher on the f11-20g a-plane (17%), and the f1-101g plane (20-25%), than for the f10-10g m-plane, where the indium composition is 13%. This result indicates that, despite the thick shell allowing for unstrained growth, this set of growth conditions still limits the InN fraction incorporation efficiency.
The reduction of pressure from 300 to 100 mbar has had a large impact on the growth of all crystal planes. Use of 100 mbar pressure and 750°C growth temperature caused a change in the InN mole fraction between the nonpolar planes; specifically, a greater indium composition resulted on the m-planes (25%) than on the a-planes (15%) or on the semipolar f1-101g planes (10% or more accurately 13%, if an unstrained InGaN model 44 is considered). This was unexpected as the growth rate was low on this sample (see Table 1 ), and both low pressure and high temperature cause high diffusion lengths for the indium atoms. However, from work on c-plane 45, 46 and a-plane 47 planar thin films, it was found that low pressure can increase indium incorporation. This was suggested to be caused by the suppression of indium desorption with enhanced gas mass transfer rates of precursor species through the boundary layer, 45 as the diffusion in gases varies inversely proportional with pressure. 48 The measurements reported here show that low pressure encourages high InN incorporation efficiency on the m-plane, thus allowing InGaN layers with high InN mole fraction to be grown.
Conclusion
A GaN template of vertically aligned NRs with (0001), f10-10g, f11-20g and f1-101g facets was fabricated to study the effect of pressure and temperature on the growth rates and emission characteristics of thick (∼40 to 80 nm) InGaN layers for core-shell LEDs. The growth rates of the nonpolar planes were determined from SEM images and correlated with TEM analysis. The InGaN growth rates on the nonpolar planes varied from 1.3 to 2.8 nm∕ min, depending on growth temperature and pressure. Each growth led to a different set of emission peaks, i.e., a different InN fraction was incorporated on each facet. The InN mole fraction incorporated on each crystal facet was estimated by comparing the emission peak measured by CL hyperspectral imaging with previously published data. 39, 40, 44 The study revealed that the reduction of pressure to 100 mbar led to a more efficient InN mole fraction integration on the f10-10g m-plane, increasing it from 13% to 25%. This may be used to obtain green-yellow coreshell LEDs with a high InN mole fraction based on emission from the f10-10g m-planes. The study has shown how growth parameters can control the relative crystal facet growth rates and InN mole fraction. This understanding can guide design for core-shell LEDs. Values determined using a strained InGaN model. 44 
